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Abstract 

We investigate SUSY breaking mediated through the deformation of the 
space-time geometry due to the backreaction of a nontrivial configuration of 
a bulk scalar field. To illustrate its features, we work with a toy model in 
which the bulk is four dimensions. Using the superconformal formulation of 
SUGRA, we provide a systematic method of deriving the 3D effective action 
expressed by the superfields, which can basically be extended to 5D SUGRA 
straightforwardly. 
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1 Introduction 



Supersymmetry (SUSY) is one of the most promising candidates for the extension of the 
standard model. When you construct a realistic SUSY model, some mechanism for SUSY 
breaking is indispensable because no superparticles have been observed yet. However, in 
four dimensions, somewhat complicated set-up is necessary to break SUSY pQ. 

On the other hand, the brane-world scenario [21 E] has been attracted much attention 
and investigated in various frameworks. For example, some models can solve the gauge 
hierarchy problem [Hj , and some can provide various patterns of gauge symmetry breaking 
without the Higgs fields [3] . Especially, the introduction of extra dimensions can provide 
a new SUSY breaking mechanism jSHEj- 

When we construct the brane-world models, the radii of the extra dimensions have to 
be stabilized. One of the popular stabilization mechanisms is proposed in Ref. |7], and 
similar mechanisms have also been studied 8J. These mechanisms involve a bulk scalar 
field that has a nontrivial field configuration. In such a case, the background geometry 
receives the backreaction of the scalar configuration. However, effects of such backreaction 
have been neglected in most works. In this paper, we will concentrate on such effects and 
investigate the SUSY breaking effects mediated through the deformation of the space-time 
geometry due to the backreaction. 

Since we would like to focus on the effects of SUSY breaking through the geometry, 
we will consider a situation where some scalar field has a non-BPS configuration in the 
hidden sector, which decouples from our visible sector. Then, the dominant contribution 
to SUSY breaking in the visible sector comes from the geometry-mediated effects. In 
this paper, we will suppose that there is only one extra dimension compactified on S 1 or 
S 1 /Z 2 , for simplicity 

In order to understand qualitative features of this type of scenario, we will work with a 
simplified toy model, in which the bulk space-time is four dimensions (4D) and the effective 
theory is three-dimensional (3D). Although the 4D SUSY theories are less restrictive than 
the 5D ones and there are some different points between them, both situations have many 
common features. So we believe that our work is quite instructive to understand the 
characteristic features of the geometry mediated SUSY breaking. 

An interesting example of the stabilization mechanisms is proposed in Ref. |9J. In 
this article, the authors found a non-BPS solution in the 4D supergravity (SUGRA), 
which stabilizes the radius of the extra dimension and simultaneously generates a warped 
geometry. 

In the following, we will assume the existence of the non-BPS solution in 4D SUGRA, 
and derive the 3D effective theory on that background. Because the superfield formalism is 
very useful to discuss the phenomenology of the effective theory, we would like to express 
the 3D effective action in terms of 3D superfields and the SUSY breaking terms. The 
main obstacle to our purpose is how we should define SUSY on the non-BPS background 
space-time. To solve this difficulty, the superconformal formulation of 4D SUGRA [10J is 
useful. Our strategy is as follows. We will see that 3D global SUSY can be defined on the 
gravitational background before the gauge fixing of the superconformal symmetry, even 
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in the case that the background is non-BPS. So we can write an invariant action under 
the superconformal transformations in terms of 3D superfields constructed by that global 
SUSY. After the gauge fixing, the global SUSY will be broken and the SUSY breaking 
terms will emerge. In other words, SUSY is broken by the gauge fixing conditions in our 
method. 

The paper is organized as follows. In the next section, we will briefly review the 
superconformal approach of 4D SUGRA that is useful for our discussion. Then, we will 
rewrite the invariant action in terms of 3D superfields. In Sect. El we will impose the 
gauge fixing conditions and derive the 3D effective action with the SUSY breaking terms. 
Sect. El is devoted to the summary and some discussions. Notations we use in this paper 
are listed in Appendix and a brief comment on the radion superfield is provided in 
Appendix |B] 

2 Action formula 

2.1 Superconformal approach of 4D SUGRA 

We will consider a 4D Af = 1 supergravity model as a bulk theory. For our purpose, the 
superconformal approach JU] is useful. The field contents are as follows. 

Superconformal gauge fields: 

K = -% a Pa + \u; h M ab + ^ (^Q + ^Q) + b^D + A^A + ^S + v»S + f^ a K a , (1) 

where P a , M ab , Q a , ■ ■ ■ are the generators of the 4D J\f = 1 superconformal algebra 1 , 
whose commutation relations are listed in Appendix IA.11 A constant k will be 
identified with the gravitational coupling after the gauge fixing Q, but it is just a 
constant at this stage. Throughout this paper, we will use a, b, c, • ■ • for the local 
Lorentz indices, and /x, u, p, ■ ■ ■ for the world vector indices. 

Other fields form the superconformal multiplets, which are characterized by the Weyl 
weight w and the chiral weight n. 2 

Chiral multiplets (w = |n): 

= [tf,xL,r I ], (1 = 0,1,2,..-) (2) 

where £ = $ /=0 is the compensator multiplet whose Weyl weight is one, while $ 7 ^ 
have zero Weyl weights. We will assume that $ /=1 is a field in the hidden sector, 
and its scalar component h = 7=1 has a nontrivial background configuration 0£ g . 
The two multiplets $ /=0,1 are neutral under the gauge group mentioned below. We 
will refer to the rest chiral multiplets = $ J (i — I — 2, 3, • ■ • ) as the matter 
multiplets, and they may be charged under the gauge group. 

lr The minus sign of the first term is necessary to match our notations to those of Ref.|ll|. 
2 The definition of n is different from that of Ref. |1(JM12) by a factor of |. 
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(Internal) Gauge multiplet: 

The gauge multiplet [B 9 , A£, D 9 ] can be embedded into a real general multiplet V 9 
with w = n = as 



V 9 = [C 9 , ci n a , e*Bl - -(^C 9 + M 9 ), K, d 9 } 



(3) 



where ej 1 is an inverse matrix of the vierbein e a . Using the gauge degrees of 
freedom, we can set C 9 , C 9 , and 7i 9 to zero 3 . For simplicity, we will assume that 
the gauge group is abelian. In order for this gauge symmetry to remain in the 3D 
effective theory, it must be represented by a real representation because the 3D 
supermultiplets are real. Thus, we will concentrate on the case that the charged 
matter fields are doublets for the 5*0(2) gauge group, and the gauge multiplet is 
represented as 2 x 2 matrices on them. From the above gauge multiplet, we can 
construct the superfield strength multiplet W 9 , which is a chiral multiplet with an 
external spinor index a, as 



where 



(4) 



= « + (a ab X 9 ) a - i^ a D 9 - (^ 6 W) Q - ~ 2 b,K + iA,\ 9 a . (5) 

The multiplication laws of the above multiplets can be read off from Ref. Some of 
them are listed in Appendix IA.1I 

In order to identify P a with the generator of the general coordinate transformation, 
some constraints are imposed on the field strengths of the gauge fields in Eq.([T|). Then, 
w ip^ and f^ a becomes dependent fields, i.e., they can be expressed in terms of e a , 
■0°, and 6 M . This corresponds to a deformation of the original superconformal algebra. 

We can construct an invariant action under the deformed superconformal transforma- 
tion by using the action formulae, which are listed in Appendix IA. II 



-tr (W ga W 9 Q ) 



S = Jd 4 x +r($,$,U 9 )] D + Jd A x \W($)] F + Jd 

where T is a function determined so that G + V is SO (2)-gauge invariant 4 , and 

G($,$) = -SSexp 

/ 2 \ 3/2 

W($) = ( - J /t 3 S 3 P($). 



(6) 



J F 




(7) 



3 This corresponds to the Wess-Zumino gauge in the global SUSY gauge theory, 
determination of T is explained in Ref. JT] . 
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Here, we have assumed that the Kahler potential is minimal, and the superpotential -P($) 
has a form: 

P($)=P hid ($ h )+P vis ($ i ). (8) 

This corresponds to the assumption that the visible sector is decoupled from the hidden 
sector. In Eq.fjSJ, the physical fields $ J (I 7^ 0) and the gravitino ip^ will be canonically 
normalized ones after the following gauge fixing. 

Finally, we can obtain the Poincare SUGRA action by fixing the gauge of the super- 
conformal symmetry, 




Xa = ^"0 S X] tfxi, (S-gauge fixing) 

= 0. (i^-gauge fixing) (9) 

By this gauge fixing, k is identified with the gravitational coupling, i.e., the inverse of the 
4D Planck mass M p \. The derivation of these gauge fixing conditions is briefly commented 
in Appendix lA.il After integrating out the auxiliary fields, we can check that the resulting 
action is identical to the one in Ref. [TTj . 



2.2 Action on the gravitational background 

Throughout the paper, we will choose the ^-direction as the extra dimension. So, m,n = 
0, 1, 3 denote the 3D vector indices and y = Xi is the coordinate of the extra dimension 
compactified on S 1 (or S 1 /Z 2 ). We will use the letters with underbar for the local Lorentz 
indices, and those without the underbar for the world vector indices. 
The background metric is assumed to be of the form: 

ds 1 = g^dx^dx" = e 2Aiy) 7] nm dx m dx n + dy 2 . (10) 

Since we are not interested in the gravitational interactions in the 3D effective the- 
ory, we will freeze the gravitational multiplet to its background value in the following 
discussion. 

(e/) = diag(eV A ,l,e A ), 
W = °> 

(An) = 0, 

(A) = Y lm (^WSk) ' ( n ) 

where the dot denotes the derivative with respective to y. In the last equation, we have 
used the equation of motion for A y . Note that A^, the gauge field of U(1)a, is an auxiliary 
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field since it does not have a kinetic term. Furthermore, we will drop the dependence on b^, 
the gauge field of the dilatation D, in the following calculation because it will eventually 
be set to zero by the gauge fixing condition in Eq.Q. 
Then, the action (El) becomes 



Sbg = Id x e 



C ( I 

R + D + { T + -trJSv + h.c. 



(12) 



Here, e = det(e a ) and the Ricci scalar R are their background values. 
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R = Q(A + 2A 2 ). (13) 

From the multiplication laws of the superconformal multiplets, we can compute each 
components as 

= 0(0,0), 

+G 1JR {iX J ° a X R V a ^ - T R (xV) } 

+GUR [ix^x'v^ - t 1 (x J x R ) } + \g ijR - l (xV) (fx 1 ) 

+2V2i {L>f° (2) AV - Df (2) A 9 X J } + 2D so ^D\ 
T = Wtf 1 - \w u x\ J , 
F w = (D 9 ) 2 - \F^F% - % -e^Fl v F% - 2iX>a a V a X 9 , (14) 

where G(0, 0) and W(4>) are functions defined in Eq.(J7J), Fj> v = d IM B 9 —d u B 9 l is the ordinary 
field strength, and D so ^ is the Killing potential for the 50 (2) isometry of the Kahler 
manifold determined by G(0, 0) jTTj. The subscripts I, J, - ■ ■ denote the derivatives with 
respective to the corresponding scalar fields. The covariant derivatives are defined as 

V^ 1 = d^ + igB^ 

v»xi = d,xi + igBfjd, + \»» ah (W) a , (15) 

where g represents the corresponding charge for the 50(2) gauge group, and uj^ ab is the 
spin connection. Here, we have taken the Wess-Zumino gauge. 



2.3 Global SUSY transformation and superfields 

We will rewrite the action ()12|) on the 3D M = 1 superspace (x m ,y,8 a ), where 6 is a 
Grassmannian coordinate that is a 3D Major ana spinor. 
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2.3.1 The case of (Ay) = 

First, we will consider the case of (A y ) = 0. Let us consider a superconformal transfor- 
mation S that preserves the gravitational background ([lip. Namely, 

5 = 5 Q (e) + 6 D (X D ) + 5 A ^ A ) + 8 s (rj) + 5 k (£k). (16) 

with 

ie M ° a 



V2 



e 2 e 0o 



Va = \a (a 2 e) a , 

Ad = $a = = 0, (17) 

where eo is a constant 3D Majorana spinor ((eg)* = Cq), and t?o is a constant phase. The 
transformation law of the gravitational multiplet is listed in Appendix IA.1I 

We can easily see that £(e ) satisfies the 3D Af = 1 SUSY algebra. So we can iden- 
tify 5(eo) with global 3D SUSY transformation. Since 5(eo) preserves the gravitational 
background, the action Sb g in Eq.(JT2J) is invariant under it. This ensures that Sbg can be 
rewritten in terms of the superfields constructed by 5(eo). 

We can construct superfields as follows. 



Fa — e Slo' 

a = e mh_ B 9 + M 9^ ( 18 ) 
2 y 



where 3D Majorana spinor Q_ and the real scalar M 9 are defined as 



e 



W = ( -^— (M 9 + iN 9 ) . (19) 
It is easy to check that a global transformation induced by the differential operator: 

^ = W +i (P^ 9 )a dm (20) 

is identical to the above defined global SUSY transformation S(eo). 

We can also construct a superfield e s ^C 9 , but this is completely eliminated after 
taking the Wess-Zumino gauge and the further 4D gauge transformation |13j . In this 
gauge, we can obtain the following expressions. 

/IN , T . .X An T . C 

ip {X, 



Pa ( x ,e) = ^ie* (^ } e) a B 9 m -e A e 2 x 9 2a , 

a(x, 6) = -B 9 + e^OXf - \e A 6 2 D 9 , (21) 
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where 7^ = e™jf 3) , 

f = 1 (dytf + igBffi + e^T 1 + wAcj) 1 ) , (w: Weyl weight) (22) 



and 3D Majorana spinors Af and Af are defined as 

72 



X 9a = (Af + zAf ) . (23) 



Here and hereafter, we will use the 3D notations for spinors, which are listed in Ap- 
pendix IA.21 The superfield tp 1 , which is constructed from the chiral multiplet, is a 3D 
scalar superfield, and p and a are the 3D gauge superfield and the gauge scalar superfield, 
respectively. After fixing the background as Eq. the action still has the 3D super- 
gauge symmetry. Under its transformation <5 sg , the above superfields are transformed 
as 

5 sg p a = -e~?D 9a Q, 

5 sg a = d y VL, (24) 

where 

D da = — -i(jf ) e)j m , (25) 

and the transformation parameter Q is a 3D real scalar superfield. From these transfor- 
mation properties, we can construct the following supergauge covariant derivatives. 

D a = D 9a + ige~p a , 

V y = dy — igo. (26) 
The gauge invariant quantities under Eq.(J2H) are 



\e- A Dl Pa+ l -(^ ) d mP ) a 



A 



u 9 a = e 2 D ea cr + [d y + — ] p a 



A 
2" 



A? Q - eh a D» + ie^ (7^0) q {d m B 9 - d y B 9 m ) 

+e A 2 (7R«mAf) a - (d y + |i) Af Q } • (27) 



Here, w 9 is the 3D superfield strength. 
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Using these superfields, we can rewrite the action (|12p as 



S hg = Jd 4 x Jd 2 9 2e A G I jD a v J D a p I + 4e 2A Im{G I Vy¥ I + e~ 2ii)o W(v)} 



e 2A 



tr {(u 9 ) 2 - (w 9 ) 2 } 



(28) 



This corresponds to an extended version of the formula in Ref. ^3] to the warped geometry. 
We can explicitly check that the above expression reproduces Eq. fl"2"J) with Eqs. (fT3| . (fTlj) 
up to total derivative terms by performing the ^-integration. 

It should be noted that the above action is the expression before the superconformal 
gauge fixing Q. Thus, it is not yet the SUGRA action at this stage. 

2.3.2 The case of (Ay) ^ 

Now, we will extend Eq. (f2"K|) to the case that (A y ) ^ 0. Notice that we can move to 
the gauge where (A y ) = by using the [/(l)^-transformation, while keeping the other 
backgrounds unchanged. In this gauge, each field is rotated by its chiral weight with the 
parameter: 

Mv) = ~ f y dz(A y )(z). (29) 



An integration constant can be absorbed into the constant phase $o- If we reconstruct 
3D superfields by using the rotated bulk fields, the expression of Sb g becomes the same 
form as Eq. (J2HJ) - Thus, we can obtain the desired (A y ) -dependent action by re-expressing 
each component field in Eq.(|28J) in terms of the original ones, namely, by replacing each 
fields in Eq. fl28|) with the rotated ones with the parameter $a- 
The rotated scalar superfield is 



1 = e~^ A + e^eUx 1 + \e A 6 2 (dytf + igB 9 ^ 1 + ^(A^ 1 + e^T 1 + wA^ 

(30) 

Here, note that the chiral weight of the chiral multiplet is equal to 

Unlike the chiral multiplet 5 , the 4D gauge multiplet must be decomposed into two 
different types of the 3D real multiplets to form the 3D superfields. So, the U{1)a- 
rotation of the 4D complex field corresponds to the mixing between two 3D real fields. 
For example, Af and \ 9 2 are mixed under the U (l)^-rotation. This mixing breaks the global 
SUSY because they belong to different supermultiplets. In fact, since the mixing angle ft a 
is y-dependent, the gaugino mass term appears from the ^-derivative in the definition of 
u 9 in Eq.()27|). This is very similar to the Scherk-Schwarz (SS) SUSY breaking in the 
flat space-time 0. However, SUSY breaking due to the non-zero (Ay) are different from 
the SS breaking in the following points. First, U(1)a is not a symmetry of the theory 
after the gauge fixing (|9*]1. So it is independent of U(1)r symmetry that is relevant to 

5 The chiral multiplet is also decomposed into two real multiplets, but these are the same type of the 
multiplet, i.e., the scalar multiplet. So we can treat them as one complex scalar multiplet. 
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the SS breaking. Second, (A y ) is not an input parameter as in the SS mechanism, but 
is determined by the hidden sector dynamics, which also induces another types of SUSY 
breaking terms through the deformation of the warp factor as will be seen in Sect. 13.21 
As a result, Eq. (}28|) is modified as 



Si 



bg 



(Fx d 2 e 



2e A G I jD a <p J D a cp I + 4e 2A Im {G/V^ 7 + e- 2i0A W{^)} 
+ \e 2A (A y )G + G —tr {T- 1 « - T K) 2 } 



(31) 



where <p is redefined as 



tp 1 = 7 + e^e^Ox 1 + °-e A 9 2 \d y tf + igBffi + ^z(A/)0 Z + + wM* ) , (32) 

and 



T 



e A 9 2 (A y ) 



(33) 



is a spurion superfield, which can be interpreted as a background value of the radion 
superfield mentioned in Appendix iBl 

Eq. ()31|) has a similar form to the expression in Ref. [T3], but note that the latter is a 
result after the superconformal gauge fixing. 



3 Gauge fixing and SUSY breaking 
3.1 Deviation from SUSY limit 

To discuss SUSY breaking, we should consider the supersymmetric limit first. When the 
background is a BPS configuration, a half of the bulk SUSY is conserved. In this case, 
the direction of the conserved SUSY is parametrized by the Killing spinor e a (y), which is 
determined by the background configuration. Here, we will parametrize the Killing spinor 

as 

e a = ie^\e a \. (34) 

The BPS equations are obtained as follows by requiring the local SUSY transforma- 
tion 6 of the fermionic fields to vanish Pj. 

A = -K 2 e-™e^ h \ 2 _P hid , 
<P - e e I y-g^r + « 0b g ^hid J 

\e a \ = - \e a \ 
2 1 

2 

d = - ylm (^ h h ) . (35) 

6 The local SUSY transformation is obtained by requiring that it preserves the gauge fixing condi- 
tions ©. 
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Here, we have supposed that only h has a nontrivial field configuration among the phys- 
ical scalar fields. 

By solving the third equation, the Killing spinor can be written as 

ie M a 

e a = -j=e*e 0a , (36) 

where eo is a constant 3D Majorana spinor. Note that R.H.S. of the last equation in 
Eq. (|33|) is equal to —(Ay). (See Eq. (fTT|) .) This means that in Eq.(j2HJ) can be inter- 
preted as the phase of the Killing spinor d when the background is BPS. Thus, from the 
first two equations in Eq. (j33j) . we can define the following two functions to characterize 
the deviation from the SUSY limit. 

/£ = 4 + e-^Kf Aid, 

/ b h g = & - e 2 ^K/ |^«) + « a <fl dd «)} . (37) 

From Eq. (j3*T|) . we can see that (A y ) also characterizes the magnitude of SUSY breaking. 
Therefore, we will refer to these three functions as the SUSY -breaking functions in the 
following. 



3.2 Gauge fixing and ^-expansion 

To obtain the action, we have to fix the redundant superconformal gauge symmetry. 
However, the gauge fixing conditions (JHJ) are not invariant under the global SUSY trans- 
formation S(eo). Thus it will be broken after the gauge fixing. 

Practically, it is enough to calculate the action up to the next leading order in the 
^-expansion. In order to count the power of k in the calculation, it is convenient to 
decompose y? E as 

^ = <^ g + y3 E , (38) 

where 

^g^Vf^KI 2 (39) 
is the background value of s . Then, only 0? reduces the power of k. 



= 0(K°), 



The action is calculated from Eq. (j31|) with 



E ^ = O(k). (40) 



G = — y9 E (^ E exp 




3/2 

3 



W = ( \ \ ^ (^f {P hid (^) + Pvtafa 4 )} , (41) 
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and rewriting the components of (fP in terms of the physical fields by using the gauge 
fixing conditions Q- 

Since we are interested only in the visible sector, we will replace (p h with its background 
value 



(42) 



where is defined in Eq. fpITj) . and ignore the fluctuation modes around it. 
Then, the resulting action in the visible sector is obtained as follows. 



S v 



J<fx Jd 2 6 e A ^D Q ^D Q ^ + 4e 2A Im|i^^ y ^ + e^l<| 2 p vis (^)| 



2 J d*x e SA Im{- 2 £ f^f + 6/ b s g P vls - ^ (^P V1S - J2 



+k d x e 




^tr{(A?) 2 + (Al) 2 K 



+ 0(k 4 



(43) 



where the ellipsis in the last line denotes quartic or higher terms. The function f^ g (y) is 
defined as 

/£ = I {0b g /bg + 3/£} (44) 
and corresponds to the /-term of the background value of </> E , 



^bg 



2 



(45) 



Note that (Ay) = 0(k 2 ). The action at the lowest order 0(k°) is manifestly supersym- 
metric because it is written only by the superfields. This is a trivial result since SUSY 
breaking effects are mediated only through the space-time geometry, i.e., the gravitational 
effect. 

Note that the gauge fixing conditions Q is not invariant under <5(eo) even in the 
case that the background configuration is BPS. This reflects the fact that the SUGRA 
action cannot be expressed only by the superfields. So there are also the SUGRA terms 
besides the SUSY breaking terms among terms that cannot be written by the superfields 
in Eq. (j43J) . Such SUGRA terms appear in the quartic or higher terms. Therefore, the 
quadratic and cubic terms in the third and fourth lines of Eq. (j4^j) are purely SUSY 
breaking terms. These terms will be important as the soft SUSY-breaking terms when 
we extend our discussion to the 4D effective theory of 5D SUGRA. 

Note also that all SUSY breaking terms should be associated with at least one of the 
SUSY-breaking functions /£ , f£ g , (A y ). Therefore, we may pick up only terms involving 
such functions in order to obtain the SUSY-breaking terms. Other terms are ensured to 
be cancelled with each other. This simplifies somewhat tedious calculations in the gauge 
fixing procedure. 
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3.3 Example of non-BPS configuration 

For a specific example of the non-BPS backgrounds, we will take a configuration discussed 
in Ref. 0. 



3.3.1 Properties of the background 

In Ref. a topological winding number is introduced to stabilize the non-BPS configu- 
ration along the S^-compactified extra dimension. However, a periodic solution with no 
winding is also possible in the case that the extra dimension is compactified on S 1 /Z 2 . 
The configuration corresponds to the coexistence of a BPS domain wall at y = and 
an anti-BPS wall at y — irr. We will refer to the 3D hyperplanes at y — 0, irr as the 
"boundaries" despite the S^-compactification as the authors of Ref. [H] do. 

The radius of the extra dimension r is stabilized by the scalar configuration, and its 
size is determined by the tensions on the 3D boundaries 7 . For example, for a unit winding 
solution, 

1 A 4 

^~-rln— (46) 

where A is a characteristic mass scale of the potential for h , and tq is the boundary tension 
at y — 8 . Here, we have used the weak-gravity approximation [9,. In this approximation, 
the warp factor A(y) is calculated as 

A(y) = Ao-^y + -~, (47) 

where A is a normalization constant and the ellipsis denotes the higher-order corrections 
in k. 

In the limit of r — > oo (or r — > 0), the configuration around y — approaches to a 
BPS solution with t? = and 3D M = 1 SUSY is recovered. 

In this model, the scalar configuration </>£ g is real and thus (A y ) = 0. So the gaugino 
mass is not induced on this background. 



3.3.2 Mode expansion 

Since we are interested in the low-energy effective theory, we will focus on the zero-modes 
of the bulk fields. We will introduce the kink mass terms. 

Pvis(p l ) = ^ m « £ (2/)(v ?l ) 2 + (interaction terms), (48) 

i 

7 The model in Ref. [5] does not introduce any boundary fields, but admits positive and negative 
tensions on the boundaries. 

8 The tension on the other boundary r^ r must be negative and its magnitude is determined by tq. The 
hnc tuning between To and T vr corresponds to the assumption of the vanishing cosmological constant in 
the 3D effective theory. 
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where m; > are the mass parameters and the function e(y) is defined as 

1 for < y < irr, 
e(y) = { for y = 0, ±vrr, (49) 
— 1 for —ixr < y < 0. 

Here,we have assumed that (p l is gauge-singlet for simplicity. The extension to the charged 
matter case is straightforward. 

Then, the fermionic component of tp l is expanded as 

x \x m ,y) = -j= {u j R0 {y)x i R0 (x m ) + iuMxU^)} + (massive modes). (50) 

The mode-functions are obtained by solving the linearized equations of motion. For 
example, those of the zero-modes are 

«Bo(y) = Ck-i^e-^M 

u{ Q (y) = C{e-l A ^e mM , (51) 
where Cr and C\ are the normalization constants determined by 

Jdy e' A « ) 2 = jdy e 2A {u\ ) 2 = 1. (52) 

Depending on the value of rrii, the zero-mode Xko can De localized around y = 0. 

As mentioned above, 3D M = 1 SUSY characterized by d = is a good symmetry 
around y = when the radius r is large. Thus, if w R0 is localized around y = 0, Xro forms 
a supermultiplet for that SUSY. Namely, it is useful to define a 3D superfield: 

^(x m , 9) = al(x m ) + 9 X \ i0 (x m ) + \e 2 r {x m ). (53) 

On the other hand, u\ is localized around y = nr, and an opposite half of the bulk 
SUSY characterized by i9 = — 7r is a good symmetry there. So xlo forms a supermultiplet 
for this SUSY. 

^(x m , 9') = <(x m ) + 9' X \ (x m ) + l -9' 2 fj{x m ). (54) 

Using the method used in Ref . [T3] , we can see that the zero-modes are embedded into 
the bulk field ip % as 

A 

V \x m ,y,9) = ^{< (y)^(x w ^)+^ ( 2 / + ie^ 2 2 )^(^,^)} 

+ (massive modes). (55) 

From this expression, 

A A 

Im (p? ) = «o^<) 0*0' o * - ^<«9 y <(0'J) 2 + • • • , (56) 
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where the ellipsis denotes terms involving massive Kaluza-Klein modes. Thus, the first 
term in the third line of Eq.([43|) gives mixing terms between the scalar modes localized 
on the different boundaries 9 . 

Since we do not suppose any mechanism for localization of the gauge field, the mode 
expansion of the gauge supermultiplet is trivial. 



a {n+] (x m , 6) + sin ^ • a (n ^(x m , 0)} . (57) 

The signs in the label of the 3D superfields denote the parity under y — > —y. The 
normalization factors should be modified in the case of the orbifold compactification. 

Plugging these expressions into Eq.(|43J) and performing the ^/-integration, we can 
obtain the desired action for the visible sector. 

3.3.3 SUSY-breaking scales in the effective theory 

In this example, scales introduced in the bulk theory are the Planck scale M p \, the kink 
mass parameters m;, the characteristic scale of the hidden sector dynamics A and the 
compactification scale r" 1 (or the tension scale r^ 3 ). From Eq.(|43|). the SUSY-breaking 
scalar masses in the 3D effective theory have a form of 

m| = K 2 A 3 rriia(mi, A, r), (58) 

where a(mj,A,r) is a dimensionless function expressed by the overlap integral of the 

mode-functions and the SUSY-breaking functions f^ g , f^ g . For large r, its asymptotic 
form is 

a(m i5 A,r) ~ e" c(mi)Ar , (59) 

where c(mj) is a positive number depending on the strength of the localization of the 
mode-functions. 

The gaugino mass m g does not appear at tree-level. However, if the background 
configuration has a non-zero (A y ), it will appear through the spurion superfield T in 
Eq. ()31|) . For instance, if arg(0{j g ) varies with 0{1) amplitude as y goes from to nr, it is 
roughly estimated as 

m g = Jdy e ^^~K 2 A\ (60) 
9 Note that f£ is real in this model. 



p a (x m ,y,9) = —= p *(x m ,9) 



a{x',y, 



OO 
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n=l 

_A 

e 2 
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y2wr 

OO 
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OO _A 

e 2 f ny 
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71=1 
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Here, we have used the kink mass terms to localize the zero-modes of the matter fields. 
We can also localize them by introducing the coupling between the matters and h , just 
like the fat brane scenario In this case, however, the SUSY-breaking masses arise 
through the direct coupling to h as discussed in Ref . jTH] , and they become the dominant 
SUSY-breaking effects in the visible sector. So we do not consider such a possibility in 
this paper. 

3.4 Orbifold compactification 

Before ending this section, we will briefly comment on the case that the extra dimension 
is compactified on the orbifold S 1 jZ%. The ^-transformation is y — > —y, and the fixed- 
point boundaries are at y — and y = -nr. Under the Z 2 transformation, each field is 
transformed as follows. 

Scalar field : 

<j>(x m ,y) ^Tl^(x m ,-y). (61) 

Spinor field x a '• 

X a (x m ,y)^U x r(x m ,-y). (62) 

Note that there is no distinction between the dotted and undotted indices in three 
dimensions. So the orbifold identification is consistent on the 3D boundaries. 

Vector field B$ : 

B° m (x m ,y) -> n B B* m (x m ,-y), 

B*(x m ,y) - -Tl B B°(x m ,-y). (63) 

11^, Il x and Ub are the eigenvalues of the ^-parity for the corresponding fields. Ub 
must be chosen to +1 in order for the effective theory to have the 3D gauge field. Note that 
B!* can be eliminated completely in this case. As mentioned in Ref. ^H], we can eliminate 
B^ except its zero-mode by using the 4D gauge transformation, and the zero-mode is 
projected out by the orbifold identification. 

From the above transformation properties, the orbifold identification explicitly breaks 
the bulk 4D Af = 1 SUSY to 3D M = 1 SUSY. 

If we assume the Z 2 -parity eigenvalues for each field as 

n = +l : X m , B» 

n = -l : /=1 , x I= \ A*, (64) 

the non-BPS solution of Ref. |H] is allowed. In this half of the bulk SUSY is 

explicitly broken by the orbifold projection, and the rest of it is broken by the non-BPS 
background. 
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4 Summary and discussions 



We have discussed the effects of SUSY breaking mediated by the deformation of the 
space-time geometry due to the backreaction of a bulk scalar field. Since the superfield 
formalism is very useful, we derived the effective action expressed by the superfields and 
the SUSY breaking terms. The main obstacle in this procedure is the fact that we cannot 
define the supersymmetry on the non-BPS background geometry in the ordinary sense. 
We have solved this difficulty by defining the global SUSY before the gauge fixing of the 
superconformal symmetry. Since this SUSY transformation does not preserve the gauge 
fixing conditions, the effective theory has SUSY breaking terms. Namely, in our method, 
SUSY is broken by the gauge fixing conditions. 

Let us summarize the procedure to obtain the effective action. We have assumed the 
existence of the non-BPS solution in the 4D SUGRA model. 

1. Define 3D global SUSY transformation that preserves the gravitational background. 

2. Construct superfields by using the above transformation. 

3. Rewrite the action on the gravitational background in terms of the superfields. 

4. Rewrite the components of the compensator superfield in terms of the physical fields 
by the gauge fixing conditions. 

5. Substitute the mode-expanded expressions and perform the y-integration, then we 
can obtain the effective action. 

At Step IH we have dropped the fluctuation modes of the hidden sector field $ 7=1 around 
the background because we are interested only in the visible sector. 

Note that all the SUSY breaking terms involve at least one of the SUSY-breaking 
functions , f£ and (Ay). In Eq.fjUlJ), SUSY breaking scalar masses and scalar trilinear 
couplings come from only the superpotential of the bulk 4D theory, but this is due to the 
assumption that the Kahler potential is minimal. Since the compensator multiplet does 
not couple to the superfield strength multiplet, no gaugino mass arises from the deformed 
geometry if (Ay) = 0. 

Eq.()43|) shows that there is no BPS solution with (A y ) ^ 0. In other words, if we 
consider the case of (Ay) ^ 0, the corresponding background is necessarily non-BPS, and 
/b g and /i^. also do not vanish. 

Scales introduced in the bulk theory are the 4D Planck scale M p \, the mass parameters 
for the matter fields mj, the characteristic scale of the hidden sector dynamics A, and the 
compactification scale r" 1 . In terms of these scales, the SUSY-breaking scalar masses 
induced in the visible sector have a form of 

m 5 = -jjr a ( m i' A > r )> ( 65 ) 
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where a(m.j,A, r) is a dimensionless function expressed by the overlap integral of the 
mode-functions and the SUSY-breaking functions , f£ and (A y ). The gaugino mass 
is induced by the non-zero (A y ), and roughly estimated as 

A 3 

™ 9 ~ -j^- (66) 

Here, we have supposed that arg(0£ g ) varies with 0(1) amplitude as y goes from to nr. 
These estimations are modified if the hidden sector involves more than one mass scales. 

For example, in the case that m« ~ A and a = 0(1), the above expressions mean that 
the gaugino mass is much smaller than the scalar masses if M p \ ^> A. However, as seen in 
Sect. 13.3.31 a can be exponentially small. In such a case, the gaugino mass can dominate 
the scalar masses. 

If the warp factor is not so large, the gaugino mass is also estimated from Eq. (jfiOjl as 

|Ai?a| a a _ J ^A^r) — i?a( — 7rr) for S^-compactification , > 

mg ~' A = \ & A {irr) - t?a(0) for ^V^-compactification ^ ] 

where "&a{v) is defined in Eq.(|29J). Comparing this and Eq. ljfifiJ) . we can see that r _1 ~ 
A 3 /Afp! < A when = 0(1) and M pl > A. In fact, since A 1 is the characteristic 
length of the nontrivial field configuration, the radius r is generally larger than A -1 . 

Since the SUSY breaking effects are suppressed by the Planck scale, our scenario can be 
considered as a kind of the gravity mediation. However, there are some points that should 
be noticed. First, from the viewpoint of the effective theory, SUSY breaking cannot be 
regarded as the spontaneous breaking because the order parameter of SUSY breaking Ag 
is roughly of 0(A) and is generally higher than the compactification scale r _1 , which is the 
cut-off scale of the 3D effective theory. Second, the induced SUSY breaking scale in the 
effective theory can be suppressed by the overlap integral of the mode functions and the 
SUSY-breaking functions. (See a in Eq.(jnHJ).) Third, the gaugino mass can be induced 
by non-zero (A y ) without introducing a non-minimal gauge kinetic function. This is very 
similar to the Scherk-Schwarz (SS) SUSY breaking in the flat space-time. However, this 
breaking is irrelevant to the U(1)r twisting since U{1)r is a symmetry after the gauge 
fixing and independent of U(1) A , which is completely fixed by the gauge fixing condition. 
In addition, (A y ) is not an input parameter as in the SS breaking, but is determined by 
the hidden sector dynamics and has a nontrivial y-dependence. Further, the non-zero 
(A y ) indicates that the background configuration is non-BPS as mentioned above. Thus, 
it inevitably leads to SUSY breaking terms that associate with and f^ g , to which the 
SS breaking does not have any resemblances. 

To investigate more phenomenological aspects, we should extend our discussion to 5D 
SUGRA. Note that the procedure explained in this paper requires only the knowledge 
of the superconformal formulation of 4D SUGRA and the 3D superfield formalism. The 
4D superfield formalism is not necessary. Therefore, when we extend our method to 
5D SUGRA, we do not need to deal with the unknown 5D superfield formalism. The 
5D superconformal formulation and the well-known 4D Af = 1 superfield formalism are 
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enough. The former has already been studied in Ref . ^21 El , and the 5D invariant action 
is provided in Ref. [THJ. So we can utilize their results. Our strategy in this paper can 
basically be extended to 5D SUGRA straightforwardly, but there are some subtle points. 
For example, all hypermultiplets are charged under the central charge group U(l)z [T7j . 
which has no corresponding group in the 4D case. The U(l)z transformation of the 
hypermultiplets is highly nontrivial, and thus some special treatment for the U(l)z gauge 
multiplet is necessary in the superfield formalism. However, we expect that these subtle 
points do not cause serious difficulties, and can be solved by slight modifications of our 
method. Research along this direction is now in progress. Including the brane-localized 
terms in the discussion is also an interesting issue. We will discuss these subjects in the 
subsequent paper. 
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A Notations 

A.l Superconformal formulation of 4D SUGRA 

Basically, we follow the notations of Ref. ^T] for the four-dimensional bulk theory. 

Our notations can be obtained from those of Ref. |T2J by rewriting spinors into the 
2-component representation and replacing each quantity as follows. 

Metric: 

Vab -> -rjab- (68) 



Superconformal gauge fields: 



ab , , , ab 



<V - -T' ( 69 ) 



Real general multiplet: 



C - C, C--C, ~(H + iK)^iH, 
B a -> —B a , A a — > A Q , D^D. (70) 
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Chiral multiplet: 

A^(f), Xa^-V2 Xa , T^-T. (71) 

In the following, we will collect some important expressions in our notations. 

4D superconformal algebra: 

[M ab , M cd ] = i (i] ad M bc + i] bc M ad - i] ac M bd - 7] bd M ac ) , 
[M ab , P c ] = i (r] bc P a - r]a C Pb) , [M ab , K c ] = i (r] bc K a - r) ac K b ) , 
[D, P a ] = -iP a , [D, K a ] = iK a , [P a , K b \ = 2iM ab - 2i Vab D, 
[A,Q a ] = Q a , [A, S a ] = —S a , 
[P a , S a ] = -i {a a ) a . Q & , [K a , Q a ] = -i (a a ) a . S", 

[Mab, Qa] = i (°ab)a Q/3, [M ab , S a ] = % [o ab )^ Sp, 

[D, Q a ] = ——Qa, [D, S a ] = 2^ aj 
{Qa, Qa}=2 K) Q . P a , {S a ,S a } = 2 {a a ) a . K a , 

{Qa, Sp} = -2e M (a ab )J M ab + 2e af3 D + 3ie aP A, (72) 
All the other commutators vanish. 
Transformation law of the gravitational multiplet: 

5e M a = ik (ea> M + la a ^) - \ D e£, 

61% = 2«r 1 Z>Je a - l -\ D ^ - WjtfZ + (fja^r , 

3k, 

SA^ = d^ A - 3 {etfft + lip ^ + — (77^ + # M ) , (73) 

where £> h is a covariant derivative with respective to the homogeneous transforma- 
tions M ab , D, A. 

V y = d ^ _ 1^ {eaab f + + iA ^. (74) 

Transformation laws of the other multiplets can be read off from Ref. ^21 by the 
replacements (Jo'8|l - (J7TJl . 

Multiplication laws of chiral multiplets: 

From a set of chiral multiplets X 7 = [(f) 1 , x a , J 71 ], we can produce a new chiral 
multiplet where W is an arbitrary function. 

W(£) = [W{4>), W lX i, —Wux'x" + WjF 1 ]. (75) 
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If a function G involves both chiral and anti-chiral multiplets, it induces a general 
multiplet G(E, E) = [C G , ( G , H G , B G , A G , D G ] with 



G 



c 

Set 



B G a 



D G = 



G(0,0), 
-V2iG lX l 

\Gu (xV ) - iGiT 1 , 

v^Gjj { (^r 7 )^' + & J xZ) - jjfim (x J x R ) xi, 

G l3 \-2V a ^V a ^ - ix'^VaX 1 - iX^^aX 1 + IP? 1 } 
+G IJR \i X J o a X R V a ^ - J= R ( X V ) } 

+G Z jk {i^^X 1 ^ - T 1 (x J X R ) } + \Gukl (xV) (x R X L ) , (76) 

where T>^ is the superconformal covariant derivative. 

F-term action formula: 

For a chiral multiplet $(™= 3 ) = [0, x, J~\ with weight w = 3 (n = 2), we can construct 
the following superconformal invariant action: 



S F = J d 4 x [& w =^] p = J d 4 xe [;F + V2i^ a a a X - 4^°^ + h.c. 



(77) 



D-term action formula: 

For a real general multiplet V = [C, ( a , Ti, B a , \ a , D] with weight w = 2, n = 0, we 
can construct the following invariant action: 

S D = Jd 4 x [ V (™=^=°)] d 

= J d 4 xe [D - i> a a a \ + i> a cy a \ - 2ie ahcd ^ a a b ^ c (B d + + $ d £) 

+ i {R(uj) + 4e- 1 e abcd fy a <7 d D^ c - $ a a d V^ c ) } C 



(78) 



where 



(79) 
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Gauge fixing conditions: 

The first condition in Eq.Q comes from the requirement that the Einstein term 
should be canonically normalized. Namely, C in Eq.([78|) should be fixed as 

C = -0Vexp |-y E0V| = ~ (80) 

This condition does not determine the phase of </> s . Here, we have chosen it so that 
s is real. 

The second condition comes from the requirement that a mixing kinetic term be- 
tween the gravitino ip^ and the chiral fermions yj should vanish. Namely, the 
condition is 

a = -V2#exp|-^0v|. ^Jlfxi-X^O. (81) 

Under the above two conditions, the dependence of the action 5 on 6 M (the gauge 
field for the dilatation D) becomes a surface term and vanishes. 

S\ bfl = -2 Jd 4 xd fl (elf)=0. (82) 

Therefore, we can fix 6 M to an arbitrary value. Here, we have fixed it to zero. 

A. 2 Notations for 3D theory 

The notations for the 3D theories are as follows. 
We take the space-time metric as 

rjnrn = diag(-l , +1, +1) , (83) 

where m, n = 0, 1, 3. 

The 3D 7-matrices, (7(f)) J 3 , can be written by the Pauli matrices as 

2 1 -3 3-1 f OA \ 

7(3) = ° > 7(3) = ~ m » 7(3) = % ° > ( 84 ) 

and these satisfy the 3D Clifford algebra, 

{7|,7f 3) } = -2r^. (85) 
The generators of the Lorentz group Spin(l, 2) are 

7(3T = 4[7(3")>7(3)J- (86) 
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The relations between the 4D a-matrices and the above 7S; are 



= (7f 3 )'7f3)>- 1 ; 7f 3 )) Q 7 (-^ 2 )7/3 ) 



(7f 3 ) ) 7r3)' 1 '7(3)) 7 > ( 87 ) 



= ^(7f))/- (88) 

Note that, in three dimensions, there is no discrimination between the dotted and undotted 
indices. 

The spinor indices are raised and lowered by multiplying a 2 from the left. 

^ = (A^, V a = ((7 2 ) a %. (89) 
We take the following convention of the contraction of spinor indices. 

ihlh = $>2a = {0 2 ) a p^ 2 = ^Vl- (90) 

B Radion superfield 

To identify the radion superfield, we will revive the extra components of the Weyl mul- 
tiplet e -, ipy and A y as fields, while other components are kept to be their background 
values. Then, we will consider the transformation laws of them under the global SUSY 
transformation 5(eo) defined by Eqs.tfTfij) and (JT7jl . If we decompose as 

r y = (v& + , (9i) 

we can easily show that 

S(eo)^ y = 0. (92) 
So we can put the gauge fixing condition, 

4% = 0. (93) 

Under this gauge fixing, 8(eo) is closed among the extra components of the Weyl multiplet, 
and we can construct a following superfield. 

T = e*W ey 2 = e / - «e% R2 + y^A/)- (94) 

This corresponds to the radion superfield. However, when a bulk scalar field is responsible 
for the radius stabilization, its fluctuation is entangled with the fluctuation of e y -. Thus, 
we have to diagonalize the coupled system to obtain the physical radion [T9"] . 
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